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A B S T R A C T
The effective operation of protonic ceramic electrochemical cells requires the design of electrolytes having not
only high ionic conductivity, but also excellent stability with respect to carbonisation. In the present work, the
La-based oxides (La1–xBaxYbO3–δ, 0.03≤ x≤0.10) are proposed as a possible alternative to the convenient Ba
(Ce,Zr)O3-based electrolytes due to their high chemical stability. It was discovered that Ba-doping results in a
deterioration of sintering behaviour; as a result, the relative density decreases and open porosity appears (for
x=0.10). A thorough analysis of transport properties by means of AC and DC measurement techniques enables a
selection of the La0.97Ba0.03YbO3–δ sample, which demonstrates the highest conductivity compared with those
samples where x=0.5 and 0.10. Due to its excellent densification behaviour, stability and ionic conductivity,
La0.97Ba0.03YbO3–δ can be considered as a promising proton-conducting electrolyte in the La-based family.
1. Introduction
Complex oxides exhibiting pronounced proton-conducting beha-
viour are attracting great attention as functional materials, i.e. elec-
trolyte ceramic membranes for various types of solid oxide electro-
chemical devices, such as fuel cells, electrolysis cells, sensors/pumps,
converters etc. [1–7].
In the most common cases [8,9], proton transport results from the
interaction of steam with oxygen vacancies of an oxide (Eq. (1)), when
an impurity disordering is realised by means of an acceptor-doping
strategy (Eq. (2)).
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where: VO•• is the oxygen vacancies, OOx is the oxygen-ion in its a regular
position, RB/ is the impurity (acceptor) defect, OHO• is the proton loca-
lised at the oxygen-ion.
Concentration of the formed protons depends on many factors, in-
cluding the inherent properties of the oxides and external parameters
[10–12], leading to the highest levels of proton conductivity for barium
cerate (BaCeO3) and barium zirconate (BaZrO3) materials. As a result,
Ba(Ce,Zr)O3-based electrolytes have found the widest application in the
mentioned electrochemical devices [13–15]. Despite significantly pro-
mising results obtained in their application in such devices [16–18], the
Ba-based compounds are compromised by the formation of BaCO3 im-
purities, which have been confirmed even for a high-tolerance BaZrO3
phase [19–21]. Therefore, when designing functional materials with a
low concentration (or absence) of alkaline-earth elements, one of the
current strategies is to achieve a high chemical stability of oxides in
terms of their carbonisation [22].
A series of Ln-based oxide phases, which are also capable of de-
monstrating significant proton transport, are the subject of current re-
search. Some of these phases belong to the class of mixed ionic(pro-
tonic)-electronic conductors or MIECs [23–26]: Ln6−хMoO12−δ,
Ln2ScTaO7−δ, Ln6WO12−δ. An additional series of primarily lan-
thanum-based materials can show predominant proton conductivity
under certain conditions [27–31]: La2Zr2O7, LaNbO4, LaNb3O9, LaREO3
(RE=Sc, Y, Yb). Among these, LaYO3 and LaYbO3 are positioned as
promising proton-conducting electrolytes [32–35], having been suc-
cessfully utilised in such electrochemical systems as hydrogen sensors
and hydrogen pumps [36,37].
In the present work, we present results of the experimental pre-
paration and characterisation of La1–xBaxYbO3–δ ceramic materials
having a reduced Ba-content. Although the Ba-doped LaYbO3 system
has been the subject of a recent study, particularly in terms of hydration
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capability and proton concentration [35], these data are associated
with the bulk properties of the system. By contrast, the present work
also reveals the effects of morphological and microstructural para-
meters on grain boundary and overall transport.
2. Experimental details
2.1. Synthesis of materials
The La1–xBaxYbO3–δ (where x= 0.03, 0.05 and 0.1) materials were
synthesised via citrate-nitrate combustion synthesis. In detail, La
(NO3)3·6H2O, Ba(NO3)2, Yb(NO3)3·5H2O in powder form were mea-
sured in strictly stoichiometric amounts and dissolved in distilled water
until the formation of a transparent solution. Citric acid was added to
this solution heated to 80 °C, adjusting the total amount of cations to a
mole ratio of 2:1, respectively. Next, ammonia solution was added to
bring the pH parameter of the resulting solution close to 7 (pH neutral).
The final solution was heated at 250 °C using a hotplate to initiate the
following process sequence: active water evaporation, the formation of
sol-gel, its self-ignition and the subsequent formation of sponge-like
highly dispersed powders (see supplementary materials, Fig. S1).
In order to determine the optimal synthesis regime (1100 °C for 5 h),
the as-obtained powders were analysed by thermogravimetric (TG)
analysis coupled with differential scanning calorimetry (DSC).
Following synthesis at the selected temperature for 5 h, the powders
were uniaxially pressed at 250MPa and studied by means of high-
temperature dilatometry technique to reveal the Ba-doping effect on the
densification behaviour. On the basis of these data, the sintering regime
(1400 °C for 5 h) was additionally optimised for obtaining the ceramic
samples.
2.2. Characterisation of materials
TG-DSC study was performed on the STA 449 F3 Jupiter, Netzsch
thermal analyser in static air with temperature variation from room
temperature (RT) up to 1200 °C with a heating rate of 10 °C min–1. A
dilatometry study was carried out using a Netzsch DIL 402 PC dilat-
ometer. The scans of the pressed synthesised powders were performed
in a range of RT–1400 °C with a cooling rate of 5 °C min–1.
The phase composition of the sintered ceramic samples and the
refinement of unit cell parameters were carried out by X-ray diffraction
analysis (XRD, Rigaku D/MAX-2200VL/PC) and Rietveld analysis
(using Fullprof software), respectively.
The morphology of the ceramic samples was observed by means of a
TESCAN MIRA 3 LMU scanning electron microscope and then statisti-
cally analysed by a ImageJ software.
2.3. Materials functional properties
The phase stability of La1–xBaxYbO3–δ was studied for the powder
samples treated under pure 100% CO2 at 700 °C for 5 h and then ana-
lysed by XRD.
The thermal expansion behaviour of La1–xBaxYbO3–δ was studied in
the range of 100–1000 °C in a wet air atmosphere under cooling mode
using the dilatometry data.
The total conductivity of the sample, as well as the bulk and grain
boundary contributions, was measured by means of electrochemical
impedance spectroscopy (EIS) using a complex of techniques including
an Amel 2550 potentiostat/galvanostat and Materials M520 FRA-box.
These measurements were performed within a 200–600 °C temperature
range in wet air atmosphere, under which conditions the samples ex-
hibit predominant proton conducting behaviour. The obtained spectra
were analysed using an equivalent circuits method and refined by
means of the distribution of relaxation times (DRT) method using the
DRTtools software [38–40].
3. Results and discussion
3.1. Preparation of ceramics
The powders comprising the source of ceramic materials were
produced by the citrate-nitrate combustion synthesis route. This has
many advantages over solid-state synthesis methods, including im-
proved homogeneity and the nano-sized character of the powders
[41–43], allowing the achievement of single-phase and dense materials
at reduced synthesis and sintering temperatures. During this process,
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Here, φ is the stoichiometric amount of a fuel (citric acid), which is
equal to about 3, assuming that no free oxygen participates in the
combustion process; γ is the correction factor, used for setting the
mentioned ratio between total amount of cations and the fuel (γ= 4/
3). As can be seen, this process is accompanied by the release of a large
quantity of gases, which promotes the formation of highly disperse
powders, Fig. S1. These as-combusted powders contain the residue of
organic substances, whose concentration exceeds 20wt% (Fig. 1). As
evaluated by calcination in ambient air, the main weight loss of such
powders occurs at 300–800 °C, when the full oxidation of the organic
substances with a pronounced exothermic effect can be observed. The
weight of the powders stabilises at temperatures above 1050 °C, at
which point the last carbon-containing compound is removed (CO2 as a
product of the BaCO3 decomposition).
Based on the TG-DSC analysis, a temperature of 1100 °C with a
dwell time of 5 h was selected for production of carbon-free powders.
These were then pressed and characterised by dilatometry technique
and relative density measurements in order to study the sintering be-
haviour (Fig. S2, Table 1). The dilatometry data were obtained at
Fig. 1. TG-DSC results of the as-combusted La1–xBaxYbO3–δ powders.
Table 1
Ceramic properties of the La1–xBaxYbO3–δ materials sintered at 1400 °C for 5 h:
L is the total shrinkage, ρ is the relative density, D is the mean grain size, p is the
open porosity.
x L, % ρ, % D±5%, μm pc, %
0.03 17.5a 96.7 0.33 –
0.05 14.2b 92.2 0.65 –
0.1 4.7a 75.9 0.88 9.5
a Measured by dilatometry technique (Fig. S2).
b Measured by a direct comparison of linear parameters of the sample before
and after its sintering.
c The open porosity was evaluated as an area ratio between white and black
regions (Fig. 2c).
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temperatures below 1450 °C, when only an orthorhombic modification
of LaYbO3 is stable. The Ba-doping leads to a deterioration of the
densification of the ceramics, which is confirmed by the total shrinkage
parameter, Table 1. The relative density of the samples sintered at the
selected temperature (1400 °C) for 5 h also decreases, from ∼97% for
x=0.03 to ∼76% for x=0.1.
To evaluate such microstructural parameters as mean grain size (D)
and open porosity (p), the sintered samples were characterised by SEM
analysis followed by processing of the obtained images using ImageJ
Fig. 2. Surface morphology in secondary electron imaging mode (left), grain boundary detection (centre) and image binarisation (right) for the La1–xBaxYbO3–δ
sintered ceramic materials: x= 0.03 (a), x= 0.05 (b) and x= 0.10 (c). The pores are shown as white objects.
Fig. 3. XRD patterns of the sintered La1–xBaxYbO3–δ materials.
Table 2
Refined unit cell parameters of the sintered La1–xBaxYbO3–δ materials.
x A ±0.001, Å b ±0.001, Å c ±0.001, Å V ±0.14, Å3
0.03 6.025 5.842 8.410 296.02
0.05 6.024 5.842 8.415 296.14
0.10 6.025 5.839 8.417 296.11
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software (Fig. 2). The D value decreases with increased Ba-concentra-
tion, while the p value is close to null for x= 0.03 and 0.05 and
amounts to ∼10% for x=0.1. Both of these tendencies confirm the
deteriorated densification of the samples caused by Ba-doping.
It is worth mentioning that a highly dense structure with close-
packed grains was formed for the samples with x= 0.03 and 0.05,
when a low sintering temperature of 1400 °C was used. According to an
analysis of the literature data, the densification of LaYbO3-based
ceramic materials at reduced temperatures is a similarly challenging
task. For example, Obukuro et al. [35] fabricated dense La1–xBaxYbO3–δ
samples using a high temperature (1700 °C) and dwell time (10 h).
Feteira et al. [44] obtained a non-porous LaYbO3 sample (97% of re-
lative density) at 1600 °C for 4 h in case of no Ba-modification. There-
fore, the combustion synthesis method utilised in this work allows good
ceramic properties to be achieved, with a clear economic benefit
coming from the lower energy requirement.
The structural parameters of La1–xBaxYbO3–δ (following section)
were analysed for the obtained powders by milling the corresponding
ceramic materials in order to confirm their single-phase nature.
3.2. Crystal structure
Fig. 3 shows the XRD results, which demonstrate the formation of a
perovskite structure having an orthorhombic distortion for all the
studied samples. Principally, LaYbO3 can be indexed within either the
Pna21 [45,46] or Pnma space group [44,47,48]. In order to clarify the
nature of the formed structure, a Rietveld analysis was performed (Figs.
S3 and S4). These data show that an improved agreement is reached for
the first symmetry, while the difference between experimental and
calculated profiles, presented in the form of reliability factors (Rp, Rwp,
χ2), is considerably higher for the latter symmetry (Fig. S3). It is in-
teresting to note that problems concerning the correct description of the
LaYbO3 structure have been recently considered [44]. The authors of
this study, which used three possible space groups (Pnma, Cmcm and
Pna21), revealed that the best refinement was observed for the Pnma
space group. It is likely that the realisation of a certain symmetry de-
pends on different factors, including sintering temperatures, presence of
uncontrollable purities in the powder sources and even the level of
water partial pressure (pH2O) in air under the technological regimes. In
detail, the pH2O parameter determines the hydration capability of the
materials, which can result in a chemical strain and changes in the
symmetry of the crystal structure [8,49].
Returning to the present results, all the representatives of
La1–xBaxYbO3–δ were indexed in the Pna21 space group (Fig. S4) with
the refined unit cell parameters as presented in Table 2. The majority of
the parameters are virtually unchanged, with increased Ba-concentra-
tion leading to almost the same unit cell volume, 296.08± 0.20 Å3.
This tendency can be attributed to a low degree of La3+ with Ba2+
Fig. 4. XRD patterns of the La1–xBaxYbO3–δ powders treated in the CO2 flow at 700 °C for 5 h. The dotted lines in the detailed region correspond to the XRD patterns of
the sintered materials.
Fig. 5. Typical impedance spectra obtained for the symmetrical cell in wet air atmospheres: for La0.97Ba0.03YbO3–δ at various temperatures (a) and for La1–x
BaxYbO3–δ at 300 °C (b).
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substitution despite the differing ionic radii of host and guest ions –
1.36 and 1.61 Å, respectively [50].
3.3. Chemical stability
As mentioned above, the La-based proton conductors show a higher
chemical stability than conventional BaCeO3-based analogues. In order
to verify this assumption, the La1–xBaxYbO3–δ powders were kept in a
pure atmosphere of CO2 for 5 h prior to a characterisation of their phase
structure (Fig. 4). No secondary phases in detectable amounts were
found following such a treatment; moreover, no meaningful displace-
ment of the XRD reflexes was detected. Both of these results indicate
that the studied materials exhibit the desirable stability in CO2-con-
taining atmospheres. This permits the use of such materials as elec-
trolytes for the various electrochemical and conversion processes in
which CO2 participates as a reagent or product [51–54].
3.4. Electrical properties
The transport properties of the sintered materials at low tempera-
tures were evaluated by means of the EIS analysis (Fig. 5) at tem-
perature and frequency ranges within which the bulk and grain
boundary processes can be clearly separated. Such a separation was
performed using an equivalent scheme of Ro – R1Q1 – R2Q2, where Ro is
the correction parameter (0.001 Ω cm), imitating the origin of the co-
ordinates; R1 and R2 are the bulk and grain boundary resistances; and
Q1 and Q2 are the corresponding constant phase elements. The model
curves agree well with the experimental data, as can be seen from the
examples presented in Fig. 5.
The partial resistances were correlated with the corresponding
processes in order to calculate the capacitance values (C = (R·Q)1/n/R),
which were equal about (1–5)·10–11 and (2–7)·10–9 F cm–1 for the first
and second semicircles. Next, the total resistance was derived as a sum
of R1 and R2. The total and partial conductivities were finally calculated








where h is the thickness of the electrolyte disc, S is the electrode area,
j= 1, 2 or total.
Fig. 6 displays the transport properties of the La1–xBaxYbO3–δ ma-
terials. The grain boundaries determine the overall transport of ytter-
bates for almost all studied conditions (Fig. S5). At the same time, the
grain boundary conductivity varies slightly with the Ba-doping (less
than a half order of magnitude, Fig. 6b), despite considerable changes
in microstructural parameters (grain size, porosity, Table 1). This fact
might be associated with the following reasons: the grain boundary
Fig. 6. Bulk (a), grain boundary (b) and total (c) conductivities of the
La1–xBaxYbO3–δ ceramic materials in wet air atmosphere depending on re-
ciprocal temperature.
Fig. 7. Total conductivity of the La0.97Ba0.03YbO3–δ ceramic material in wet air atmosphere compared with a number of La-based oxides demonstrating proton
transportation.
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region is quite pure and the dopant (or phase) segregation is insignif-
icant with increased Ba-concentration.
As shown in Fig. 6a, the bulk conductivity is a more sensitive
parameter associated with variation in composition, resulting in a dif-
ference of ∼1 order of magnitude. This tendency agrees with the recent
data of Obukuro et al. [35]; in this study, the authors revealed a similar
(inverse) correlation between proton mobility and x in La1–xBaxYbO3–δ,
which arises from the defect association effect (when protons are
trapped by the acceptor dopants [12,55]). Realising proton transpor-
tation in grains is confirmed by the calculated activation energy (Ea),
which is rather low (equal to 0.56±0.06 eV for all three samples).
The resulting total conductivity decreases with an increase in the
Ba-concentration, for example, from 0.32mS cm–1 for x= 0.03 to
0.11mS cm–1 for x= 0.10 (at 475 °C), while the Ea drops from 0.75 eV
to 0.60 eV (at the whole low-temperature range), respectively.
Therefore, the bulk properties affect the overall transport of the ceramic
materials in a higher degree than the grain boundary properties, al-
though the contribution of the latter predominates.
The transport properties of La1–xBaxYbO3–δ were also studied via a
4-probe DC technique between 500 and 900 °C, when no separation of
bulk and grain boundary resistances can be performed. As discussed
earlier, these data are in good agreement with EIS (Fig. S6). The total
conductivity is found to decrease with increasing x in the studied
system (Fig. 7), being in qualitative agreement with the bulk properties.
This is because the grain boundaries cease to be a determining factor at
temperatures higher than 500 °C (Fig. S5). However, the Ea values in-
crease up to 0.86–0.91 eV, indicating the change of electrical beha-
viour, most probably from proton to oxygen-ion transportation. To
confirm this assumption, the total conductivity of the nominally pure
LaYbO3 is also presented [44]. Since it does not contain acceptor do-
pants, the oxygen-ionic conductivity of lanthanum ytterbate is very
low, has Ea about 0.97 eV and is determined by a disordering of its
structure. At the same time, the obtained data were also compared with
those obtained for the highly doped oxide (x= 0.10 [33,35]). Ac-
cording to the literature results, its Ea reaches ∼0.65 eV, although only
15% of oxygen vacancies at 800–900 °C were hydrated. Such an ap-
parently very low activation energy requires future verification.
To sum up, the conductivity of the sample with x= 0.03 attains
0.53, 1.51, 4.18, 12.0 and 27.1 S cm–1 at 500, 600, 700, 800 and 900 °C,
respectively. These levels are comparable with the conductivity not
only of state-of-the-art La-based proton-conducting oxides [56–59], but
also of the Zr-enriched BaCeO3–BaZrO3-based electrolytes [13,15,60],
which allows La0.97Ba0.03YbO3–δ to be considered as a CO2-tolerant
proton-conducting electrolyte.
4. Conclusions
In the present work, a suitable combustion synthesis method was
developed in order to obtain single-phase La1–xBaxYbO3–δ proton-con-
ducting materials. The highly dense ceramic samples can be prepared at
a reduced sintering temperature (1400 °C) in the case of a low Ba-
concentration (not more than x= 0.05). The XRD analysis shows the
relatively high tolerance of ytterbates towards carbonisation, since their
phase structure does not change before and after treatment in pure CO2
at 700 °C for 5 h. According to electrical measurements, the transport
properties of La1–xBaxYbO3–δ are determined by grain boundaries across
a low temperature range (200–500 °C), while bulk transport pre-
dominates at higher temperatures. Changing x in the studied system
affects bulk transport to a greater extent than grain boundary transport,
which results in a general regularity consisting in the deterioration of
transport properties with Ba-doping. Nevertheless, even
La0.97Ba0.03YbO3–δ with a low impurity disordering structure has ac-
ceptable conductivity levels varying from ∼1.5mS cm–1 at 600 °C to
∼12mS cm–1 at 800 °C.
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